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Micro-structure and morphology characterization of nZVI treated 1 
clay with Pb contamination 2 
Abstract:  3 
The increasing use of nanoscale zero-valent iron (nZVI) for soil and groundwater 4 
remediation is raising some concerns regarding the potential effect of the soil properties. 5 
Numerous laboratory and field studies reveal that an excellent immobilized efficiency 6 
of contaminants and enhancement of the contaminated soil by nZVI. Few researches 7 
focused on the effect of the nZVI on the micro-structure and morphology of the soil. 8 
The overall objective of this study is to explore the particle morphology and micro-9 
structure variation of nZVI treated soil. This study presents a series of microscales 10 
experiments on nZVI treated samples, including field emission scanning electron 11 
microscopy (FESEM), particle size analysis, mercury injection porosimetry (MIP), 12 
optical microscopic analysis and particle shape tests. The dosages of nZVI were used 13 
at 0%, 0.2%, 1%, 5% and 10% of the contaminated soil. The morphology tests suggest 14 
that the addition of nZVI resulted in the presence of larger particle size, on-particle 15 
chained structure, aggregation and network of flocculent structure. The aggregated and 16 
bonded soil particles could be one of the mechanisms of the geotechnical characteristics 17 
variation and soil enhancement via nZVI.  18 
 19 
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  22 
1. Introduction 23 
Nanoscale zero-valent iron (nZVI), with its strong reducing property and high reactivity, 24 
have potential for use in remediation of a wide range of hazardous pollutants as 25 
indicated. It can react with organic contaminants and heavy metal ions, including Pb2+, 26 
Ni2+, As2+, Co2+, Cu2+, CrO4
2-, AsO4
3-, polycyclic aromatic hydrocarbons (PAH) etc. in 27 
bench-scale and pilot-scale experiments (Mueller et al. 2012, Singh et al. 2012, Chekli 28 
et al. 2016, Tiberg et al. 2016, Wang et al. 2016, Gil-Díaz et al. 2017, Li et al. 2017, 29 
Moazeni et al. 2017, Jiang et al. 2018). The nZVI efficiency of aqueous, contaminated 30 
groundwater was proved in many literatures. For example, the lab synthesized nZVI - 31 
removal of lead ions in aqueous phase was verified the reduced efficiency of 99 % in 32 
less than 15 mins (Xi et al. 2010), 96% within 3 hours (Kim et al. 2013) and 96% of 33 
heavy metal ions (e.g. copper, arsenic, zinc and nickel) in 10 mins (Li et al. 2017). As 34 
mentioned in Liu et al. (2018), the nZVI shows an excellent on immobilization 35 
percentage of lead on only 0.2% of nZVI can reach up to 78.8% by testing the 36 
consolidated soil, and 95.6% achieved at 10% nZVI (soil wt.).  The adsorption, 37 
reduction and co-precipitation of ferrites were identified as the predominant process in 38 
immobilization (Noubactep 2008, Xi et al. 2010, Tu et al. 2012, Arancibia-Miranda et 39 
al. 2014, Wang et al. 2016). 40 
Due to its efficient properties, nZVI has been used for the treatment of contaminated 41 
subsurface soil and groundwater. However, the effect of nZVI on the geotechnical 42 
properties are still not fully understood. Traditionally, in the applications, nZVI 43 
suspension was directly injected into the aquifer or permeable reactive barrier (PRB) to 44 
remove contaminants in the target area. However, during this process, nZVI particles 45 
are prone to agglomerate mutually or adsorbed onto soil grains, leading to a reduction 46 
of surface area (Noubactep 2008, Sarathy et al. 2008, Mueller et al. 2012, Chowdhury 47 
et al. 2015, Li et al. 2017). Luo et al. (2012) also found that the utilization of nano 48 
aluminium oxide enhanced the unconfined compressive strength of treated sewage 49 
sludge ash by the soil slurry preparation while the permeability increased. Ng and Coo 50 
(2015) reported that the permeability of nano copper oxide treated clay significantly 51 
decreased using the compacted samples while the liquid limit decreased. It is indicated 52 
that the plasticity index reduced with the nanomaterials and liquid limit increased 53 
(Ghasabkolaei et al. 2017, Zhou et al. 2018). It should be noted that the effect of 54 
different nanomaterials on the soil plasticity need to be on a case by case basis. 55 
Limited information is currently available on the shear strength of soil interacted with 56 
chemicals and nanomaterials. It is concluded that the compaction characteristics and 57 
compressive strength of the soil were improved by nano clay, nano copper, nano 58 
alumina and nano silica (Bahmani et al. 2014, Iranpour and haddad 2016). As for the 59 
nZVI treatment of the oil contaminated soil, the significant increases of unconfined 60 
shear strength, friction angle and cohesion were observed using the compacted samples 61 
(Nasehi et al. 2015). Zhou et al., (2018) and Chen et al., (2018) utilized the different 62 
dosages of NZVI to exam the variation of the shear strength and compression behavior 63 
of the lead contaminate clay sample which was prepared through a slurry consolidated 64 
method. Upon NZVI treatment, a significant shear strength, including the vane shear 65 
strength and the friction angle, increased was observed. 66 
To understand how nanomaterials affect it is important, first, to understand how it 67 
interacts with the clay-water system (Boardman, 2004). The aggregation of nZVI was 68 
considered as a dominant physical effect in the solution (Phenrat et al. 2007). Several 69 
potential mechanisms were proposed to explain the increase in shear strength with 70 
NZVI is attributed to multi factors, including the immobilization/degradation of heavy 71 
metal, changing in the DDL thickness, conglomeration and the aggregated properties 72 
of nanomaterials (Ghasabkolaei et al. 2017, Liu et al. 2018, Zhou et al. 2018). The iron 73 
oxides was considered as one of the important factors in the formation of pores and 74 
aggregates (Regelink et al. 2015). Yet, there is no universally accepted way to 75 
characterize the soil structure (Díaz-Zorita et al., 2002). Considering the variation of 76 
the geotechnical properties nZVI or nanomaterials treated soil, limited literature update 77 
its characterization mechanism how the nZVI reacted with the soil. 78 
The overall objective of this study is to evaluate the nZVI on the characterization of 79 
lead contaminated soil. This study presents a series of microstructural assessments, 80 
including field emission scanning electron microscopy (FESEM), Laser diffraction 81 
analysis, mercury injection porosimetry (MIP), optical microscopic analysis, and 82 
particle shape tests at various levels of nZVI (i.e. 0.2%, 1%, 5% and 10%). The samples 83 
in this study were prepared following the procedure described by Zhou et al. (2018). 84 
 85 
2. Materials and Methods 86 
2.1 Materials 87 
The soil from a local site in Macau was used. The obtained soil was moist sieved 88 
through 1 mm and used as matrix material to investigate the multi scale properties of 89 
lead-contaminated soil and nZVI treated soil. The Atterberg limits are composed of 90 
liquid limit (LL), plastic limit (PL) and plasticity index (PI) defined by the ASTM 91 
standard test method - ASTM D4318. The dominant mineral of the natural soil is quartz 92 
and its composition consist of Chlorite, illite, kaolinite, anhydrite and plagioclase. The 93 
similar results was report in the previous research (Yan and Ma 2010). Moreover, a laser 94 
diffraction analysis of the marine clay showed that the soil contained 20% clay, 70% 95 
silt, and 10% sand fractions. The liquid limit, plastic limit and plasticity index of the 96 
soil was found to be 62%, 32% and 29% respectively. The soil was defined as CL 97 
according to the unified soil classification system (USCS). 98 
The based soil (i.e. natural soil) was mixed with distilled water equal to the moisture 99 
of 2LL. The contaminated reagent was utilized the lead nitrate (AR) obtained for 100 
XiLong Chemical Co. Ltd and mechanically mixed with the natural soil slurry. Notably, 101 
the contaminated concentration was 500 mg/kg lead ions (dry weight) and the produced 102 
slurry was standing for 48 hours to achieve an equilibrium status. It is noticed that the 103 
normal value of lead ions is less than 100 mg/kg(wt.) in a conventional contaminated 104 
condition. The composition of the sludge from highly polluted rivers and mining 105 
sediments may contain various heavy metal pollutants and high concentration (e.g. Pb-106 
44.1, Cr-173, Zn-154, Cu-49.7 mg/kg, etc.) (Zhang et al. 2009). However, the 107 
superimposed concentration of multiple contaminants is likely to reach even more than 108 
500 mg/kg (wt.).  109 
The treatment was that four dosages (0.2%, 1%, 5% and 10%, by dry weight) of 110 
nZVI were added into the contaminated soil slurry while mixed by the electric-agitator 111 
for a better dispersion. Nano zero-valent irons (nZVI) as the treated reagent supplied 112 
by XiangTian Corp. In order to prevent oxidation of nZVI, the nZVI powders were 113 
sealed in a nitrogen-filled packaging. The characterizations of nZVI are as follows: 114 
Median radius size of about 50 nm, Purity of 99.9 %, BET Specific surface area (SSA) 115 
of 30 m2/g, Bulk density of 0.48 g/cm3 and Density of 7.9 g/cm3. In mixing period, it 116 
can be regarded as oxygenated and waterish condition, by which the nZVI can fully 117 
react with the ions and clay particles. The time refer to the optimal reaction time (e.g. 118 
5 mins) for the aqueous solution (Kaewbuddee et al. 2016). Considering the soil 119 
complexity, it is essential to set the concentration of the treatment reagents matching 120 
the contaminants. It is reported that the nZVI performed a higher removal efficiency 121 
when the molar ratio of nZVI/lead and nZVI/nitrate is 10 and 4 respectively in the 122 
solution(Su et al. 2014, Moazeni et al. 2017). The dosages of nZVI was used as 0.2%, 123 
1%, 5% and 10% (dry density) corresponding to the molar content of nZVI is 15, 75, 124 
370 and 740. Due to the complex minerals in the soil, the removal efficiency was not 125 
comparable to that in solution. It may potentially lead to overestimates of the extent of 126 
degradation attributable to nZVI. Thus, the ratio of lead vs nZVI represents the 127 
proportional condition to excess condition as mentioned in (Zhou et al. 2018). 128 
The produced slurries were consolidated in a double draining consolidation tank at 129 
an effective vertical pressure of about 200 kPa. After that, the soils were extracted for 130 
the basic property tests, FESEM, particle size tests, MIP, optical microscopic analysis, 131 
and particle shape tests.  132 
 133 
2.2 Experimental Methods 134 
Slurry consolidated method was used for an efficient reaction among nZVI, water 135 
and soil. Furthermore, the consolidated process was identified as anaerobic condition 136 
and helpful for simulating the natural process. When the nanoparticles were uniformly 137 
dispersed in the semi-dried soil, nanoparticles can fill the void among particles instead 138 
of aggregating rapidly. The self-organized structure (e.g. aggregates and gelled 139 
networks) of nanomaterial treated soil in the waterish environment has the effective 140 
impact on the geotechnical properties (Phenrat et al. 2007). 141 
The microstructures and morphologies of the clay mixtures were analyzed using field 142 
emission scanning electron microscope (FESEM, ZEISS Gemini300, Germany). Prior 143 
to use, the soil particles were dehydrated by the freeze-vacuum method to remove free 144 
water completely. The samples were transferred to the sputter coaters for conductive 145 
coating with platinum (Pt) and put it into the scanning electron microscope for 146 
examination.  147 
The particle size distribution (PSD) was carried out by a laser diffraction Mastersizer 148 
(Malvern 3000, UK), following ASTM D2487 (2006). Before tests, the samples were 149 
stirred and homogenized by ultrasonic method at least 5 mins.  150 
The pore size distribution of the consolidated samples was measured by using an 151 
Autopore IV 9500 mercury intrusion porosimeter (Micromeritics Corp. USA) with 414 152 
MPa entrance pressure. Considering the negative effect of oven drying method on the 153 
microstructures, the freeze-drying method was selected for dehydration (Gallé 154 
2001).The nano-scale pore size distribution is a strong evidence for the micro structure 155 
change of undisturbed sample affected by nZVI. The MIP is regarded as an excellent 156 
tools to explore the soil pore size distribution with the minimum damage to the pore 157 
structure (LAWRENCE 1978, Arvaniti et al. 2015, Li et al. 2015).  158 
The microscopy was conducted by the Nikon microscope (Nikon E200, Japan) 159 
equipped with the Nikon DS-L3 image capture system. For the image clearness, 160 
microscope images were digitalized. Briefly, a few grammas of samples after pre-161 
consolidation were selected and diluted with distilled water for 200% moisture content 162 
in order to obtain a homogenized soil slurry. The slurries were sealed and maintained 163 
at 25°C for 24 hours. Then, the soil slurry was fivefold diluted using ultrapure distilled 164 
water and shaken vigorously for 30 s using vortex shaker 3 (IKA, Germany). Each 165 
sample were replicated twice at 100× to 1000× magnification. This method would be a 166 
few approach for evaluate the micrometer-sized structure under the waterish condition 167 
(Phenrat et al. 2007). The sample requires no conductive coating on the specimen under 168 
100X to 1000X magnification (i.e. around 50 -250 µm). This makes it possible to 169 
examine the liquid samples and to preserve their natural characteristics and water-170 
steady aggregates for further observation, which is an obvious advantage of this 171 
compared to the traditional morphological techniques (e.g. SEM) (Gillott 1970). 172 
The particle shape analysis was performed by the 500 Nano Zephyr LDA (Laser 173 
Diffraction Alternative) analyzer (OCCHIO, Belgium). This system consists of a 174 
vacuum dispersion device and high-resolution camera with a collimated telecentric lens 175 
which can be used for imaging the particles. In this study, the soil particles were 176 
smashed and dried by freeze-vacuum method. Size and shape analyses used in this 177 
paper have been performed with Occhio’s Callisto software which implements best 178 
practices of image analysis. Digital image analysis of individual particles has long been 179 
recognized as a powerful tool to measure both size and shape parameters and superior 180 
to laser diffraction for the irregularly particles, such soil particles (Leroy et al. 2011, 181 
Arvaniti et al. 2015). 182 
The specimens were identified using designated notations: NS for natural soil (Virgin 183 
soil), PS for Pb2+ contaminated soil, and PSN1 for the soil treated with 1% 184 
concentration nZVI. The experimental procedure is summarized in Table 1. 185 
  186 
  187 
Table 1 Experimental design 
Equipment Objective Scale (µm) Specimens 
Field emission 
scanning electron 
microscope (FESEM) 
Morphology 1-3 NS, PS, PSN0.2, PSN5, 
PSN10, NSN5 
laser diffraction 
Mastersizer 
Particle size 
distribution 
0.1-1000 NS, PS, PSN0.2, PSN1, 
PSN5, PSN10 
Optical microscope Micro structure 
(Waterish)  
50-250 NS, PS, PSN1, PSN5, 
PSN10, NSN5 
Mercury intrusion 
porosimeter (MIP) 
Pore size 
distribution 
0.01-100 NS, PS, PSN1, PSN5, 
PSN10 
Nano Zephyr LDA 
analyzer 
Particle shape 
analysis 
25 NS, PS, PSN10 
    
 
4. Results and discussion  188 
4.1 FESEM analysis 189 
In order to study the morphological change of particles with great enlargement factor 190 
(i.e. up to 1 μm), the particle images from FESEM were shown in Fig. 1. It should be 191 
noted that the black background/ shadow is incomplete coating or out of the focal plane 192 
because of the spatial structure of the complex shape, rather than a blank area. It 193 
provided conclusive proof on the presence of smaller particles and more particle-194 
particle space. The SEM image of natural clay exhibits the superimposition of the dense 195 
structure. Examining the image sequence in order of increasing magnification, the 196 
fragmentation and crossed structure of contaminated soil may also serve as caused by 197 
the lead ions.  198 
After mixing nZVI additive, the microstructure was then conducted to demonstrate 199 
the effects of the reaction concentration of nZVI. More cross-linked and conjoint 200 
structures were observed. Especially, clastic soil particles become gradually lessened. 201 
Meanwhile, it is evident that cross-linked and schistose structures is in the majority, as 202 
shown in (f) for NSN5. FESEM images of the treated soil sample show that schistose 203 
and laminar texture-like structures formed obviously depending on the nZVI reaction， 204 
especially in c) PSN0.2, e) PSN10 and (f) NSN5. The schistose structures of the larger 205 
dosage become less evident and degree of reticulation appears to increase. 206 
This may be attributed to the formation of elemental lead and ferrite via redox 207 
reaction and the aggregation of nZVI (Fig. 6), which changes the morphology of 208 
particle surface and connections. The morphological results were consistent with the 209 
research reported by Xi et al. (2010) and Mar Gil-Díaz et al., (2014). The variation of 210 
morphology should be ascribed to the flocculation of nZVI-Pb-soil and the formation 211 
of ferrite/ oxides/hydroxides with nZVI additive. The results suggest that the use of 212 
nZVI in the soil can produce more structural connection, which could be considered as 213 
the main reason of the engineering properties. This is consistent with the observation 214 
of the particle shape, pore size and soil micro-structure. All these results are supported 215 
by FESEM observations and highlight the fact that the geotechnical properties changes 216 
are due to a reorganization of the particles leading to fabric changes (Souli et al. 2008). 217 
It cannot be denied that the change of the particle morphology could have an impact 218 
on the geotechnical properties. However, Young et al. (2001) questioned that the 219 
aggregates through the morphological technologies was the result of how we choose to 220 
observe them. Thus, the pore size distribution was considered as the key evidence to 221 
support the assumption of the micro-structures change. 222 
 223 
Fig. 1 FESEM results of nZVI treated soil at different dosages: (a) Natural soil (NS); 224 
(b) NSN5; (c) PS; (d) PSN0.2, (e) PSN5 and (f) for PSN10 225 
 226 
4.2 Particle size distribution  227 
Fig. 2 shows the particle size distribution of each sample and pure nZVI. The particle 228 
size distribution shows the scale impact from 0.1 to 2000 µm. Four typical curves are 229 
shown for a clear view. The particle size distribution of contaminated soil tends to more 230 
fine particles than that of natural soil. This could be due to the rearrangement of the 231 
double layer or the reacted precipitation (Helios Rybicka et al. 1995, Schmitz et al. 2004, 232 
Du et al. 2015). On the other hand, with the increasing concentration of nZVI, the 233 
particle size distribution curves shifted to the right, which means that larger size 234 
particles appeared. The addition of nZVI from 1% to 10% results in an increment 15.6% 235 
of sand percentage. Meanwhile, the clay-size percentage of specific soil decrease from 236 
26.8% to 19.6%. Once the nZVI was added into the water, some large-scale particles or 237 
structures (with D50 = 22 um) appeared due to the nature of aggregation and magnetism.  238 
 239 
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Fig. 2. Particle size distribution of treated sample and nZVI in the solution  241 
 242 
The results of the specific diameter are shown in Fig. 3. The D10, D50 and D90 243 
proceeded in a gradual manner with the inclusion of nZVI dosage. It is noted that the 244 
D10 and D50 slightly decrease with the presence of nZVI less than 1%. The D10 was 245 
around 1 um on the whole and increase efficiently with the 5% and 10 % nZVI (24.2% 246 
increment). Furthermore, the trend of D50 was consistent with that of D10. The D50 of 247 
10% nZVI has a 19.5% growth. As considering the D90, the value has a little change 248 
when the dosage is less than 5%. With the introduction of 10% nZVI, the D90 increases 249 
significantly from 25 to 321 µm. However, it has a larger relative standard deviation 250 
which means the non-uniformity of the large particles. Possibly, it could result from the 251 
high reactivity of nZVI and hence the excess nZVI lead to drastic formation of the 252 
cross-linked aggregations and bounded structure. Previous studies reported that the 253 
nanoparticles tend to form much larger (e.g., microscale) aggregates in the absence of 254 
surface-active dispersants. The changes in clay- and sand-sized particle percentages in 255 
the stabilized soils are dominantly attributed to both short-term flocculation formation 256 
and long-term oxidation reactions (Nalbantoglu and Tuncer 2001, Tran et al. 2014, Xia 257 
et al. 2017). Both mechanisms of nZVI in the soil could result in a higher percentage 258 
of particle or bounded aggregations (Phenrat et al. 2007, Li et al. 2008, Moazeni et al. 259 
2017). He et al. (2008) indicated that different particle sizes show different tendency to 260 
aggregate. 261 
0 2 4 6 8 10
0.9
1.0
1.1
1.2
1.3
D
1
0
 (

m
)
nZVI dosage (%)
D
10, NS
4
5
6
7
D
50, NS
0
100
200
300
400
D
5
0
 (

m
)
D
9
0
 (

m
)
D
90, NS
 262 
Fig. 3. Particle size diameter results from the PSD tests Error bars represent RSD (n = 263 
5, Relative Standard Deviation) 264 
 265 
4.3 Pore size distribution  266 
In the following, the results are analyzed with respect to the evolution of the pore 267 
size distribution. The samples were treated with different dosages and consolidated, by 268 
which the final void ratio could be various due to the change of geotechnical properties. 269 
Hence, this section focuses on the change of pore size and explore the variation of soil 270 
structure. In all the soil cases, the pore size distributions show an intrusion at a pressure 271 
corresponding to a threshold diameter close to 0.003 μm and up to 10 μm.  272 
The Fig. 4 presents the mercury intrusion and extrusion curves for treated and 273 
untreated soil. Five typical curves are shown in this figure for a visible and 274 
distinguishable view. With such a porous structure, mercury cannot intrude into larger 275 
pores until the applied pressure is sufficient to force mercury to go through smaller 276 
throats. As a result, the volume of these larger pores is counted as the volume of smaller 277 
throats. This is referred to as the “accessibility effect” (Diamond 2000) The larger pores 278 
that are accessible to mercury through smaller throats are called ink-bottle pores. And, 279 
the smaller throats are called throat pores. As a result, the MIP measurement provides 280 
an underestimation of the volume of the large pore and an overestimation of the volume 281 
of the small pore. According to Ramakrishanan et al. (1998) self-consistent pore-282 
body/pore-throat ratios can be obtained from the measured hysteresis between the 283 
intrusion and extrusion curves (Anovitz and Cole 2015). Therefore, for all samples, a 284 
large hysteresis is presented between mercury intrusion and extrusion curves. This 285 
phenomenon could be explained by poor connectivity of pore network 286 
Due to the initial vacuum procedure, the extrusion efficiency was calculated by the 287 
cumulative extrusion /cumulative intrusion value at around 110 kPa. It represents the 288 
ratio between the volume of the connective pore and that of total pore. The mercury 289 
extrusion curves of the nZVI treated samples present more significant differences with 290 
that of untreated sample. The mercury extrusion efficiency increases with nZVI dosage 291 
to 22.14% (PS), 27.25% (PSN1), 28.79% (PSN5) and 42.66% (PSN10) respectively. It 292 
indicates that most of the intruded mercury is still trapped in the soil due to the ink 293 
bottle and throat effect, which shows a poor connectivity of the natural soil. However, 294 
it can be noted that the proportion of the connective pores increases with the nZVI and 295 
hence that the change of the inter-aggregate connection can be deduced. 296 
It indicated that the slightly increasing segment of the intrusion (i.e. late stage of the 297 
curve) could be one of the effective methods to distinguish the intra-aggregate pores 298 
(Sakhaee-Pour and Bryant 2014). The turning point was calculated as the maximum 299 
tangent slope. The late stages proportion of NS and PS are less than 1%. However, that 300 
of PSN1, PSN5, PSN10 and NSN5 are around 9.6%, 10.9%, 14.2% and 10.2%, 301 
respectively. Thus, it was acceptable that the inclusion of the nZVI has a great influence 302 
on the intra-aggregate pores. The intra-aggregate pores were highly correlated with the 303 
addition of the nanomaterials. 304 
From the further analysis, it is noted that the pore volume and the pore size reduce 305 
with the introduction of nZVI in both. The increase of the initial threshold pore entrance 306 
diameter was observed as well, which was used as one of the evaluation criteria of the 307 
pores (Burton et al. 2015). It has been well documented that the cross-linked structure 308 
of the nZVI dispersion could create an impermeable barrier and thus plug the pore 309 
spaces and thereby lead to the decrease of pore size (Phenrat et al. 2007, He et al. 2010, 310 
Chowdhury et al. 2015, Li et al. 2016). The decrease of pore volume and pore diameter 311 
distribution is considered to generate a more compact structure in the soil skeleton, and 312 
hence has a gain in enhancement. The inter-aggregate and pores have remarkable 313 
effects on the strength properties of soils, as a result, the soil samples stabilized with 314 
higher content of nZVI have superior mechanical performances than those stabilized 315 
with lower content of nZVI (Horpibulsuk et al. 2009, Jiang et al. 2014, 2016).  316 
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Fig. 4. Mercury intrusion and extrusion curves of the samples  319 
 320 
Fig. 5 present the MIP pore size distribution curves for the natural soil and treated 321 
soil. It presents that the main peak intensity ranges from 0.1-0.4 µm with a dominant 322 
peak. The curve shape shows a major peak and a sub-peak intrusion in some cases. That 323 
means the Soil-Pore structures dominated the soil skeleton with the addition. The 324 
variation of pore size distribution could be summarized as the dual-structure (i.e. 325 
interaggregate pores and intra-aggregate pores) (Li and Zhang 2009). 326 
As the comparison to the NS and PS results, it indicates that the addition of lead 327 
contaminants may lead to generate a larger pore (0.3-0.8 µm) and the peak was not 328 
obvious which could be attributed to the thickness of the diffused double layer. Lead 329 
ions in soil may break the charge balance between the soil particles due to the 330 
exchangeable valent cations and result in the increase in the repulsive force of the 331 
contaminated soil particles. The presence of cations can affect the particle stability of 332 
nZVI particles and result in more large pores among the aggregates (He and Zhao 2007). 333 
Compared with the natural soil, contaminated soil, PSN1, PSN5, PSN10 and NSN5, 334 
the curves shift to the left, which means the increase in the smaller pores. With the 335 
presence of 1% nZVI, the proportion of the pores with 0.3-0.7 µm decreases. The curves 336 
of PSN5 and PSN10 have the similar trend with that of PSN1, such as 0.05-0.25 µm for 337 
PSN5 and 0.12-0.5 µm for PSN10. As expected, the pore diameter decreases with the 338 
nZVI addition from 1% to 10%, showing a porosity refinement due to the nano pore of 339 
nZVI, nano-scale aggregation/precipitate. The nZVI aggregation of clay particles 340 
tended to change the portion of both interaggregate pores and intra-aggregate pores. 341 
The aggregated structure of nZVI dispersion could create a porous structure and thus 342 
plug the pore spaces. This is because the nanomaterials (i.e. nZVI) or aggregates acted 343 
as the bonding connections or filler in the void or the agglomeration (Chandni Dipak 344 
and Srirama 2015, Ghasabkolaei et al. 2017). Ng and Coo (2015) indicates that the 345 
largest pore size reduced by 20% when clay was mixed with 4% nano copper oxide. 346 
The stiff aggregates form a strong connection to carry the compression force, which 347 
could be the reasons for the nZVI enhancement (Taha and Taha 2012, Zhou et al. 2018). 348 
Iron oxides have the ability to form strong bindings with clay, silt and sand particles, 349 
meaning that iron oxides can provide sorption sites for organic substances on the 350 
surfaces of these otherwise low to moderately reactive particles (Sei et al. 2002). The 351 
iron oxides could enhance the formation of small-scale aggregates and soil pores (Lu 352 
et al. 2014, Regelink et al. 2015). The Soil-nZVI structure (i.e. interaggregate pores) 353 
could be one of the main reasons for the reduction of the large pores.  354 
Due to the nano-scale materials, the pore size can be predicted as the increasing 355 
proportion of micrometer-size or nanometer-size. Especially, a sub-peak intrusion, less 356 
than 0.01 µm scale, is observed for the PSN10 and NSN5. It can be assumed that the 357 
excess nZVI may result in the formation of the unreacted nZVI aggregation because of 358 
the pores of the aggregates. Due to the ink bottle effect and throat effect, the volume of 359 
the pores (less than 10 nm) could be overestimated. However, this issue is out of the 360 
scope of this study. Thus, this tendency was acceptable. The intra-aggregate pores are 361 
regarded as the nZVI-Pore structures. It confirmed that the extreme excess nZVI could 362 
be not easily dispersed and generate the nZVI aggregates.  363 
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Fig. 5. Variations of differential intrusion with respect to pore radius. 365 
 366 
4.4 Optical microscopic analysis 367 
For clarifying the aggregation of nZVI in the waterish condition, the optical 368 
microscopic analysis was conducted. This is one of the qualitative methods for studying 369 
the arrangements of micro-structures in the soil (She et al. 2018). Although the SEM 370 
technology has been a common method for the morphological analysis. However, some 371 
of the samples were sensitive to the air or dried condition and exhibited different 372 
structures, such as the soil. The water-steady structures are vital to the soil skeleton. 373 
Fig. 6 notes the micrographs of pure nZVI in the distilled water under 1000X 374 
magnification. After shaking vigorously, the existing structure could be regarded as a 375 
strong bond among the soil particles. The formation of large aggregates and larger 376 
chain-like fractal aggregates (around 50 um) was observed in the nZVI suspension 377 
with/without shaking. The size of the observed aggregation is consistent with the 378 
particle size distribution of pure nZVI in the water.  379 
Although the size of the aggregates (micron-sized) is significantly larger than the 380 
origin scale of nZVI (Nanometer-sized), previous studies reported that the nZVI tend 381 
to form much larger aggregates under nanoscale magnifications in the dispersants (Li 382 
et al. 2008). Some of the nZVI aggregates in the water are easy to be disturbed by 383 
mechanical disturbance because the aggregation forces are the van der Waals and 384 
magnetic forces (Phenrat et al. 2007, Kim et al. 2013). The observation of the loosely-385 
boned cluster still dominate the chain-like and network structure (He et al. 2010, Dorjee 386 
et al. 2014, Chowdhury et al. 2015, Li et al. 2016). Chekli et al. (2016) shows similar 387 
characterization evidences of nZVI. This observation could be one of the fundamental 388 
evidences for the nZVI-soil aggregations. 389 
 390 
 391 
Fig. 6. Micrographs of pure nZVI under 1000X magnifications; (a) the origin nZVI in 392 
the water, (b) the nZVI in the water after shaken vigorously for 180 s 393 
 394 
Fig. 7 shows the digitalized micrographs of soil mixture at 100X magnification. 395 
Aiming to obtain the convictive results and nZVI effects, the referral sample (i.e. NSN5) 396 
was added in this series of microscopic tests. The black area was the soil particles and 397 
the white area was the water. The suspensions of the samples in the water shows the 398 
fabric structures. The images of NS show a homogeneous state of soil particles and few 399 
aggregates. The micrographs of PS show a few flocculent aggregations in the horizon 400 
and the particles are dispersive. With the nZVI treatment, the flocculation of the treated 401 
samples become clearer, and large particles and more chain-like aggregates like the 402 
nZVI structure were observed, by which it would be helpful to enhance the connection 403 
between the particles. As the increase of the nZVI dosage, the aggregates (i.e. Black 404 
area) become more distinguishable and the particle size increases. Compared to the NS 405 
and NSN5, the inclusion of 5% nZVI has an efficient flocculation on the soil dispersion 406 
and thereby more aggregates and connections are detected. This observation could be a 407 
potential mechanism of the micro-structure properties of the wetting soil in the presence 408 
of nZVI.  409 
 410 
 411 
Fig. 7. Digitalized micrographs of the reacted specimens at 100X magnification: (a) 412 
NS, (b) PS, (c) PSN1, (d) PSN5, (e) PSN10 and (f) for NSN5 413 
 414 
Fig. 8 shows the original state of NS, PSN10 and NSN5 under optical microscope 415 
with 1000X magnification. The scattered fraction of the soil particles was in the 416 
majority. As for the nZVI treated sample, the aggregations and larger particles can be 417 
monitored, which exhibited the cross-linked and chained structure compared to that of 418 
the NS. The morphology of the PSN10 particles exhibits the fractal and chain-like 419 
aggregates. This could be a solid evidence for the nZVI effect on the soil structure under 420 
waterish condition. 421 
 422 
Fig. 8. Micrographs of reaction specimens 1000X magnification: (a) NS, (b) PSN10, 423 
(c) NSN5 424 
 425 
These results show a consistent tendency, in which a clear microstructural change is 426 
detected at microscopic scale with the nZVI addition. As expected, the formation of 427 
larger chain- like aggregates from the individual micrometer-sized aggregates was 428 
observed in the Fig. 7 and Fig. 8. It is reasonable that nZVI treated sample exhibit a 429 
higher percentage of larger-sized aggregates, which suggests that the more nZVI dosage 430 
results in the acceleration of aggregates. It is an available route to estimate the 431 
geotechnical properties on aqueous condition through the microscope. As for the 432 
quantitative evaluation of soil microstructure. The structure of consolidated sample is 433 
not only affected by microstructural changes, but the compaction. It would explain the 434 
aggregation effect of nZVI and the increase of particle size in the PSD results. As for 435 
the chain-like aggregation formation, that may influence the soil skeleton structure and 436 
the engineering properties of nZVI treated soil.  437 
 438 
4.5 Particle shape analysis 439 
In addition to exploring the structural variations, the change of particle shape would 440 
influence the engineering properties in a sub micro scale (i.e. dozens of microns, 25µm). 441 
Hence, the particle shape photograph was conducted for exploring the effect of nZVI. 442 
Considering the soil particles shape analysis, some typical optical pictures were 443 
selected randomly from hundreds of particle shape images within reasonable scale. Due 444 
to the incompleteness by the vacuum dispersion and the strong bound structure, two or 445 
several soil particles cemented to each other may be observed as one particle sometimes. 446 
However, for the particle size measurement technique, the obtained results are different 447 
from the waterish condition (i.e. particle size analysis) and the dry condition. Here, this 448 
section is focused on the change of the particle shape rather than the particle size 449 
comparison. 450 
The digitalized images of the particle shape selected from the similar particle size are 451 
shown in Fig. 9. The results show chained structures on the surface of aggregation or 452 
particle as the main variation with nZVI addition. It has demonstrated a consistent trend 453 
with the observed structure of nZVI treated samples under the microscope. It can be 454 
identified that some of particles could be bonded and the size close to about 50 455 
micrometers because the incomplete dispersion, which is better to exhibit the cohesive 456 
combination. Furthermore, it should be noted that the vacuum dispersion could break 457 
the loose connection (e.g. the “tentacle” of the particles) before the tests. A possible 458 
reason for this phenomenon is that the interacted production and precipitation of the 459 
nZVI on the particle surface and the magnetic nature of nZVI could accelerate the 460 
aggregation effect. It can be assumed that the chained structure on the particle surface 461 
had linked each other in the undisturbed condition, by which the aggregate interlock 462 
capacity (Micro effect) will become larger and result in the increase of strength (Macro 463 
effect). In this case, the connectivity pore (MIP observed) could appear among the 464 
aggregates with the chained structure.  465 
 466 
 467 
Fig. 9. Digitalized particle shape images of the NS, PS and PSN10. 468 
 469 
The main results of particle shape parameters are plotted in the Fig. 10. The global 470 
surface concavity index (GSCI) was defined by the overall concavity of the projected 471 
area of the particle. The roughness was the ratio of smooth reference to the particle 472 
projection area. The smooth reference is defined by the inscribed circles tangent to each 473 
point of the particle projection outline with a radius whose roughness value is the 474 
percentage greater than the maximum inscribed circle. The volume-equivalent diameter 475 
(Dv) was that the diameter of a sphere having the same volume as the particle (Wadell 476 
1932). 477 
From the images and parameter analysis, the variation of the particle shape can easily 478 
be observed. For the nZVI addition for the treatment, the volume-equivalent diameter, 479 
global surface concavity and roughness increase significantly. Meanwhile, the friction 480 
angles increase, and the increment rate of the strength was similar to that of the 481 
parameters. As expected, this change may be one of the mechanisms of the increase of 482 
friction and soil resistance. Some literature stated that the increase of the particle 483 
roughness and cementations could lead to an increase of the friction angle using a sand 484 
sample (Cho et al. 2006, Rousé et al. 2008, Hassanlourad et al. 2011, Stark et al. 2014). 485 
This could be another solid evidence for the nZVI effect on the soil structure and have 486 
an impact on the mechanical characteristics.  487 
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Fig. 10. Main shape parameters of the particle shape and friction angle 490 
 491 
5. Summary and conclusions 492 
In this study, an investigation of the nZVI effect on the microstructure was examined. 493 
The FESEM analysis shows that the nZVI treated samples presented more schistose 494 
and aggregated structures. The nZVI addition results in an increase of particle size and 495 
finer pore size, which represented the formation of the dense structure with the 496 
nanomaterials. The optical microscopic analysis and particle shape experiments 497 
demonstrates that the nZVI addition induced aggregations and chain-like structures that 498 
could be bonded to a network structure in the consolidated sample. Meanwhile, the 499 
nZVI influence the soil skeletal structure and the engineering properties of nZVI treated 500 
soil. The particle shape analysis confirmed the change of the particles morphology. 501 
Some possible explanations for the soil enhancement are deduced including: the larger 502 
particle size, formation of chained aggregation, cross-linked on-surface structures, 503 
larger particle roughness. The findings would be beneficial for understanding the 504 
mechanism and engineering behaviors of nZVI treated soil. The mechanism needs to 505 
be investigated in depth. 506 
 507 
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